We investigate the solvent density driven changes in polymer conformation and phase behavior that occur in a supercritical fluid, with a particular emphasis on conditions near the lower critical solution temperature ͑LCST͒ phase boundary. Using continuous space Monte Carlo simulations, the mean square end-to-end distance (R) and radius of gyration (R g ) are calculated for a single chain with 20 Lennard-Jones segments in a monomeric solvent over a broad range of densities and temperatures. The chains collapse as temperature increases at constant pressure, or as density decreases at constant temperature. A minimum in R and R g occurs at a temperature slightly above the coil-to-globule transition temperature ͑C-GTT͒, where the chain adopts a quasi-ideal conformation, defined by the balance of binary attractive and repulsive interactions. Expanded ensemble simulations of finite-concentration polymer-solvent mixtures reveal that the LCST phase boundary correlates well with the single chain C-GTT. At temperatures well above the LCST, the chain expands again suggesting an upper critical solution temperature ͑UCST͒ phase boundary above the LCST.
I. INTRODUCTION
Polymer chains in solution exhibit various conformational behaviors depending on solvent conditions. In a ''good solvent,'' the polymer adopts a random coil ͑expanded͒ conformation, whereas in a ''poor solvent'' and in dilute solution the polymer chain collapses, producing a globular conformation. In a nondilute solution, where on average chains overlap with one another, chains adopt expanded coil-like conformations in both good and poor solvents. However, in poor solvents, the nondilute solution can split into a polymer-rich phase and a polymer-depleted phase.
The first experimental evidence for a coil-to-globule transition was probably the denaturation of proteins on heating. The biologically active state of proteins corresponds to a compact ͑globule͒ state. When the protein is heated, the chain unfolds into a coillike architecture in which its biological activity is reduced. 1 As early as 1960, Stockmayer 2 first pointed out that a chain molecule must collapse to a rather dense form if the net attraction between its monomers becomes sufficiently large. Since then, a number of theoretical and computational studies on the coil-to-globule transition have appeared in the literature. [3] [4] [5] These studies were traditionally associated with lowering temperature to approach an upper critical solution temperature ͑UCST͒ phase boundary in dilute solutions. On the experimental side, there has been a great deal of work on the dynamic and static properties of dilute polymer solutions in good, theta, and poor solvents near the UCST. 1, 6 As is well-known, polymer solutions also exhibit lower critical solution temperature ͑LCST͒, or thermally induced, phase separation where phase splitting is induced by raising temperature. LCSTs have been observed in strongly interacting polar mixtures, for example aqueous solutions, as well as in weakly interacting nonpolar polymer solutions. A LCST may be produced by strong specific interactions among components and/or by the mixture's finite compressibility. Unlike the UCST, which is driven by unfavorable energetics, a thermodynamic analysis shows that the LCST is an entropically driven phase separation. 7 In nonpolar polymer solutions compressibility effects are dominant, and both the FloryOrwoll-Vrij-Eichinger ͑FOVE͒ ͑Ref. 8͒ and the SanchezLacombe or Lattice-Fluid ͑LF͒ ͑Ref. 9͒ equations of state adequately describe the LCST behavior. It has also been shown that a LCST is associated with large size differences between a polymer and a solvent. 10 For instance, the classical Flory-Huggins theory, 11 which ignores differences in the equation of state properties of the pure components, completely fails to describe the LCST behavior.
In polymer-solvent mixtures the existence of a LCST is the rule, not the exception. 7 It was conjectured some time ago that chain collapse should be observed near a LCST in an analogous way as it occurs near an UCST. 12 The LCST usually occurs in the vicinity of the vapor-liquid critical temperature of the pure solvent ͑0.7-0.9 of the pure solvent critical temperature͒. LCST phase behavior is often observed for polymer solutions in supercritical fluids ͑SCFs͒. [13] [14] [15] [16] To our knowledge, neither experimental nor theoretical studies of polymer chain collapse near the phase boundary associated with the LCST have yet been reported.
The development of a fundamental understanding of the polymer conformations and phase behavior of polymer solutions in SCFs is a theoretical challenge of great practical interest. The solution behavior is complex due to the large values of free volume, isothermal compressibility, volume expansivity, and concentration fluctuations. Practical SCF applications involving LCST phase behavior include poly-mer fractionation, impregnation and purification, polymer extrusion and foaming, formation of materials by rapid expansion from supercritical solution and precipitation with a compressed fluid antisolvent, dispersion and emulsion polymerization, and the formation of microemulsions and emulsions. [17] [18] [19] McClain et al. 20 used neutron scattering to determine the phase behavior and chain dimensions of dilute solutions of poly͑1,1-dihydroperfluorooctyl acrylate͒ in SCF carbon dioxide (CO 2 ) as a function of pure CO 2 density ͑solvent quality͒. This system is known to exhibit LCST behavior. The second virial coefficient of the polymer was positive for the high CO 2 densities studied. In the future, it would be interesting to examine changes in the second virial coefficient and polymer chain dimensions as density is lowered.
Homopolymers and block-and graft-copolymers have been used as stabilizers to form microemulsions, emulsions, and latexes in supercritical fluids. 21, 22 In the copolymers, one of the blocks is ''CO 2 -philic.'' It is important to know the conformation of this block in CO 2 as well as the phase behavior near the LCST, since these properties play an important role in colloid stability.
In recent years, new Monte Carlo methods for computer simulation of polymeric systems have appeared in the literature. [23] [24] [25] The continuum configurational bias ͑CCB͒ method has reduced the CPU time usage by several orders of magnitude compared to the simple reptation algorithm. 24 With the advent of new powerful simulation techniques, a number of interesting problems can now be investigated. Examples include direct simulation of phase equilibria in homopolymers 26, 27 and systems with many chains or at high density using expanded ensemble techniques. 28 We recently reported in a letter the conformational properties of a single polymer chain of length 20 segments in a monomeric solvent near the LCST. 29 This previous work was, to our knowledge, the first simulation study of polymer conformation and phase behavior near the LCST. The chain collapses with decreasing solvent density in the attractive ͑Lennard-Jones͒ system due to the loss of solvent screening of intrachain interactions. In contrast, excluded volume interactions cause chain expansion in an athermal system. 30 For the Lennard-Jones system, a qualitative relationship was proposed between the coil-toglobule transition temperature ͑C-GTT͒ and the LCST along an isobar. In the present work, this relationship is determined quantitatively.
The overall objective of this work is to study the underlying physics of polymer chain conformation and solventpolymer phase behavior, over a wide range in temperature and solvent density. A key question is whether the conformational properties of a single chain may be used to predict the location of the LCST phase boundary for a finiteconcentration solution. We hypothesize that the LCST of a finite-concentration mixture is near the C-GTT for a single chain. This hypothesis is tested with direct simulations of phase separation as a function of solvent density using the expanded Gibbs ͑EG͒ ensemble method. 28 In the next two sections the molecular model and simulation method are explained. Then, the dimensions of single chains of size Nϭ20 and 40 are investigated in vacuum to serve as a background for understanding the ensuing studies of solvent effects. In the absence of solvent, the dimensions of an isolated chain are determined by both energetic and entropic ͑self-excluded volume͒ forces, and upon cooling, a coil-to-globule transition occurs at a unique temperature ͑C-GTT͒. In the next section, solvent molecules are added to the system, in contrast to previous studies of chain conformation in vacuum. Solvent molecules must be included to describe the large difference in polymer and solvent equation of state properties that govern the LCST in compressible polymer solutions. The system is symmetric in that solvent and polymer segments are identical, i.e., ⑀ 11 ϭ⑀ 22 ϭ⑀ 12 ͑equal energetics͒ and 11 ϭ 22 ϭ 12 ͑equal sizes͒, where ⑀ and are the energy and diameter.
The C-GTT is determined for a wide range of solvent densities in the gas, supercritical fluid, and liquid states at the point where a single chain adopts a quasi-ideal conformation ͑pairwise attractive forces balance the repulsive forces͒. The C-GTT is presented using temperature-density, pressuredensity, and pressure-temperature diagrams and compared with simulations of the LCST. Furthermore, based upon single chain conformations, we predict the occurrence of an UCST at temperatures above the LCST. The predicted values of the LCST and UCST from chain conformation provide useful starting points in searching for phase separation by the direct method.
II. MOLECULAR MODEL
The systems studied in this work consist of a single freely jointed chain ͑chain length Nϭ20͒ immersed in a medium of solvent molecules. The energetic interactions are modeled via the Lennard-Jones ͑L-J͒ potential, which is given by
where r is the site-site distance, and the L-J potential only operates to distances up to r c ϭ2.5 ͑the cutoff͒. For separations larger than r c the potential is defined to be zero. The terms containing r c in Eq. ͑1͒ shift the potential upward to assure continuity at the cutoff. Three types of interactions are considered; segment-segment for polymer sites that are not bonded, segment-solvent, and solvent-solvent. The bond lengths are held constant at 1. The phase and critical behavior of this L-J model has been characterized for simple monomeric fluids by Johnson, 31 Smit, 32 and Gromov. 33 The latter reports a reduced critical temperature of T c *ϭkT c /⑀ϭ1.08, a reduced critical density of c *ϭ 3 c ϭ0.31, and a reduced critical pressure of P c *ϭP c
III. SIMULATION METHODOLOGY

A. Canonical ensemble simulations
In this work the continuum configurational bias ͑CCB͒ Monte Carlo method was used to characterize polymer chain conformation. The method consists of cutting the chain at some randomly selected site. A portion of the chain is deleted from this point to one of the ends. The chain is then regrown site by site until its original length is restored. For each site to be regrown, N samp trial orientations of the connecting bond vector are generated. ͑In our study N samp ϭ6.͒ For flexible chains the possible positions of each appended site are sought uniformly on a spherical surface centered at the previous existing site. This way of selecting the new site position favors nonoverlapping, low-energy configurations and thus introduces a bias that must be removed to ensure microscopic reversibility. This is accomplished by introducing the appropriate weights into the acceptance/ rejection criterion of the proposed move. Details on the computer implementation of the CCB method and its capabilities and limitations have been discussed elsewhere. 24, 34 The above CCB prescription is then applied in the canonical (NVT) ensemble formalism. The variables are reduced in the usual manner; system temperature, T* ϭk B T/⑀, and density, *ϭ 3 , with ϭN S /V, where N S is the number of solvent molecules. In this work T* is varied from 0.7 to 5.0 and * is varied from 0.0 to 0.65. Extremely dilute solutions are necessary when investigating chain conformation to avoid interpenetration and competitive effects, such as chain aggregation and phase transitions that are associated with more concentrated solutions. Thus the box length was chosen to be Lу15.0(ϾN/2) to avoid any selfinteraction between chain sites through the periodic boundary conditions. The number of solvent molecules and the box length, L, were selected to achieve the desired system density. For example, for *ϭ0.3 and Lϭ15.0, the number of solvent segments is N s ϭ*L 3 ϭ1012. The number of solvent molecules varied from 0 to 1670 for 0р*р0.50. For *у0.5 the CCB method becomes highly inefficient ͑successful moves are scarce͒, and the multiple time step hybrid Monte Carlo 33 technique was used. This hybrid method was also employed at lower densities to double check the CCB results for the end-to-end distance. The results were in good agreement for reduced densities from 0 to 0.5 at reduced temperatures from 1.1 to 2.0. Relaxation of the solvent was achieved by random displacement Monte Carlo moves. Statistics for conformational properties, i.e., mean square end-to-end distance, ͗R 2 ͘, and mean square gyration radius, ͗R g 2 ͘, were collected for O(10 7 ) steps after an equilibration period of at least 5ϫ10 6 steps. This recipe gives O (10 6 ) successful chain moves. Average run times on the Cray J90 at the University of Texas at Austin varied from about 10 to 80 CPU h for 0р*р0.50.
B. Expanded Gibbs ensemble simulations
A number of methods for simulating phase equilibria of polymeric systems have appeared in the literature. [24] [25] [26] [35] [36] [37] However, all of these methods become highly inefficient at high system densities. To circumvent this problem, Escobedo and de Pablo 28 recently extended the Gibbs ensemble method 26 in an expanded ensemble formalism ͑EG͒. The idea behind the EG method is to efficiently sample the configurational space, especially for dense systems and for large, complex molecules, by molecular creation and destruction of a tagged chain of variable length. This new EG method allows one to directly simulate phase equilibria of chainlike molecules with very fast equilibration. Details of this novel method are given elsewhere. 28 In this work the EG method was employed to study polymer-solvent phase boundaries. The systems studied were composed of 25 chains (Nϭ20) and 1920 solvent molecules at reduced pressures, P*, of 0.15 and 0.20. Thus, the overall polymer composition was about 0.2 ͑weight or occupied volume fraction͒ for all runs. Various molecular moves were used to obtain phase equilibria information, including multiple time step hybrid MC moves, 33 volume moves ͑6 per cycle͒, Gibbs transfer moves ͑1500 attempted per cycle͒, and EG ensemble moves. 28 Typical runs consisted of a total of 10 000 cycles.
IV. RESULTS AND DISCUSSION
A. Chain dimensions at zero density
Chain collapse when lowering the temperature, associated with UCST behavior, is depicted in Fig. 1 . The normalized gyration radius of an isolated chain in vacuum is plotted as a function of temperature for different polymer molecular weights. 12 Even though the polymer chain is in a vacuum, the solvent quality is emulated by manipulating the temperature. In such systems the strength of the attractive interactions is proportional to ⑀/kT, i.e., at high enough temperatures ⑀/kT→0, and the chain will expand ͑good solvent regime͒; at low temperatures the chain will collapse. The no solvent, or vacuum, treatment has been used to ease the calculation in most previous simulations. Typical experimental data for polystyrene in cyclohexane solutions 38 shows exactly the same behavior as in Fig. 1 . A common feature of the chain behavior in Fig. 1 is that all molecular weight curves intersect at a unique temperature. This temperature is defined as the coil-to-globule transition temperature ͑C-GTT͒ in vacuum. For an infinite molecular weight polymer, the C-GTT becomes the temperature, where the chain behaves quasi-ideally. 1 Here, pairwise attractive and repulsive interactions compensate. For a binary polymer-solvent mixture, the temperature defines the limiting UCST for a polymer of infinite molecular weight.
The temperature is an important thermodynamic parameter since it distinguishes two regions in a dilute polymer-solvent phase diagram. Above the polymer adopts coil-like conformations ͑good solvent͒, whereas below the polymer will begin to collapse. Another significant property of is that it separates the regimes of small fluctuations ͑below ͒ and large fluctuations ͑above ͒ in chain dimensions. 3 is also an intrinsic property of a particular system, i.e., different potential functions will produce different s. Therefore, it is important to characterize the C-GTT in vacuum for our model system. Figure 2 shows the chain behavior in vacuum for the L-J potential shown in Eq. ͑1͒. The normalized mean square endto-end distance ͗R 2 ͘/N of a single chain is plotted as a function of system temperature for two chain lengths ͑Nϭ20, 40͒. From this graph, the C-GTT in vacuum is about 2.5 ͑intersecting point͒. This calculation is of great importance to place in perspective the effect of solvent density on chain conformation and phase behavior.
B. Solvent density effect on chain dimensions
Thermodynamic stability
From the classical Flory-Huggins theory it is known that polymeric mixtures are much less miscible than those of smaller molecules due to the much smaller entropy of mixing. According to the Flory-Huggins model a binary system is stable to any concentration fluctuation if 11 
‫ץ‬
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where A mix is the Helmholtz free energy of mixing, is the volume fraction of one of the components, and N i is the chain length of component i. The Flory parameter, , is given classically by
In a mixture with symmetric energetics (⑀ 11 ϭ⑀ 22 ϭ⑀ 12 )→0. It follows from Eq. ͑2͒ that ‫ץ(‬ 2 ⌬A mix ‫ץ/‬ 2 ) T,V will always be positive. Therefore, in the spirit of the FloryHuggins model, a symmetric mixture such as the one described in this work will never experience any phase instability associated with the conventional UCST, which occurs at temperatures below the LCST. It is noteworthy that Eq. ͑2͒ has been derived for an incompressible system; it fails to describe LCST behavior. However, when the finite compressibility and large size difference among system components are taken into account, phase stability is drastically affected and now the system is able to explore other equilibrium states including phase separation. To summarize, a symmetric polymer solution was purposely chosen so that the UCST behavior is erased from the phase diagram. This approach allows one to explore any chain conformational changes and possible phase transitions that could be related to LCST behavior, and avoid the above type of UCST behavior. Let us now examine the chain behavior as a function of solvent density. Figure 3 shows the mean square end-to-end distance,
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2 ͘, of the chain as a function of the system density at several reduced temperatures. At high densities, the chain adopts a coillike conformation that approaches the athermal or infinite temperature limit. 39 It should be noted that along an isotherm, the system pressure varies. The chain collapse at low densities suggests that solvent quality diminishes as the solvent density decreases. This result is opposite to that observed in systems without attractive interactions. 30, 40 In pure repulsive systems, an isolated polymer chain is expanded at low solvent densities and its collapse is promoted by increasing solvent density, i.e., solvent quality decreases with increasing solvent density ͑or equivalently, increasing pressure͒. In the absence of attractive interactions, the driving force for chain collapse is a chain-solvent excluded volume effect. 30 As Fig. 3 shows, the presence of attractive interactions qualitatively changes the dependence of solvent quality on density. Attractive interactions seem to dominate any excluded volume effects and completely change the dependence of solvent quality on density. But why? The rest of this work addresses this question.
In the absence of solvent, i.e., in a vacuum, the dimensions of an isolated polymer chain are determined by two opposing forces; 12 intrachain attractive forces act to collapse the chain to a globular form, whereas entropic forces act to keep the chain expanded in random coil-like conformations. Upon cooling a coil-to-globule transition occurs at a unique critical temperature ͑C-GTT͒ where intrachain attractive forces overcome the entropic force. From Fig. 2 , the vacuum value for the C-GTT is about 2.5. ͑See Sec. IV A.͒ Adding solvent depresses the C-GTT relative to its vacuum value. The primary effect of solvent is to mediate the intrachain attractive forces. The solvent ''screens'' the intrachain attractive interactions in the following sense: the presence of solvent molecules within the polymer chain domain impedes collapse by excluding close intrachain contacts ͑a solvent excluded volume effect͒. The denser the solvent, the more effective it is in screening attractive intrachain forces. For example, in Fig. 3 , note that the chain dimensions are all shifted upward as the solvent density increases, and the isotherms begin to merge. The merging and rising of the isotherms indicate that the strength of intrachain attractive interactions is being effectively screened by the solvent.
Note also from Fig. 3 that ͗R 2 ͘ increases monotonically with temperature. The increase in chain dimensions with temperature at constant density ͑pressure must also increase to maintain constant density͒ is consistent with the idea that attractive energetics become less important at high temperatures (⑀/kT→0). In the extreme high temperature limit, where attractive forces are completely ineffective and where the solvent density approaches zero, the self-excluded volume intrachain interaction dominates and the chain reaches its maximum expansion ͑athermal limit͒. But there is much more to this story. When the chain collapses to enhance favorable intrachain attractive interactions, it does so at the expense of losing chain conformational entropy. Chain connectivity brings chain segments into close proximity to one another ͑the socalled correlation hole͒, enhancing the effects of intrachain attractive forces relative to chain-solvent interactions. The full range and remarkable dependence of the chain dimensions on temperature is illustrated in Fig. 4 . At constant pressure, chain dimensions go through a minimum, suggesting that a phase boundary is being approached. It is possible that this boundary is related to a LCST since the chain collapses when temperature is raised. Upon heating, the chain begins to expand again, implying that solvent quality is improving. Here, the solvent density is very low. This chain expansion suggests that we may encounter a one phase region at temperatures well above the LCST! Note from Fig. 4 that for P*Ͼ0.5, ͗R 2 ͘ changes little with temperature. Without much chain collapse, phase separation is not expected. These results suggest that there might be a limiting pressure for a closed immiscibility loop in the phase diagram, and this will be shown below. As P* is decreased, chain collapse becomes more pronounced.
Solvent density effect on C-GTT
An important parameter that describes whether a chain behaves quasi-ideally ͑no binary excluded volume interactions͒ is Nϭ͗R terms of N; for real polymers in good solvents N ϭ1.05-1.07, for quasi-ideal chains Nϭ1, and for a collapsed chain Nϭ1/3. This analysis serves as a basis to put our results in perspective. Figure 5 shows the simulation results for the behavior of N as a function of solvent density for various temperatures. Two chain lengths are investigated, Nϭ20, 40; however, for Nϭ40 results are only shown when the chain is in a vacuum, i.e., zero solvent density. These results access all three of the above polymer regimes. For the lowest temperatures and at zero density ͑T*ϭ0.7 for Nϭ20 and T*ϭ1.0 for Nϭ40͒, Nϳ0.54, which is relatively close to the theoretical prediction of Nϭ1/3 for a fully collapsed chain. It is important to mention that this theoretical value (Nϭ1/3) was obtained in the limit of an infinite chain length. We do not reach the asymptotic theoretical prediction primarily because of the finite size of our chains. One expects that increasing chain size at low temperature will eventually lead to the Nϭ1/3 limit.
An interesting feature observed at high densities is the merging of all isotherms, indicating that the intrachain interactions are being mediated by the solvent. This observation is in agreement with Fig. 3 as previously discussed. Note also that at sufficiently high densities (Ͼ0.50) all isotherms will likely merge into a common point that approaches the asymptotic athermal limit. From Fig. 5 , it is estimated that the asymptotic behavior will be reached at Nϳ1.05. This asymptote is the limiting case for a swollen chain ͑a chain with excluded volume interactions͒ as discussed above.
Note from Fig. 5 that all isotherms in the range of 0.7 ϽT*Ͻ2.0 intersect the quasi-ideal behavior line (Nϭ1) at a particular solvent density. The temperature-density locus where Nϭ1, which describes the quasi-ideal chain behavior, represents the depressed density-dependent C-GTT. From Fig. 5 the C-GTT (Nϭ1) at zero density is about 2.5 Ϯ0.2, which is in excellent agreement with the vacuum C-GTT estimation from Fig. 2 by a separate technique. A temperature-density ͑or pressure-density͒ plot for Nϭ1 can now be constructed to analyze the C-GTT behavior. A theta temperature of 3.0 was reported for longer chains (32ϽN Ͻ400) using a similar model, which included an additional Hookean spring potential between bonded segments. 46 Our C-GTT is different because bond lengths are rigid in this study and perhaps because of fluctuations associated with shorter chains.
The behavior of the C-GTT with solvent density is illustrated in Fig. 6 . The pressure for each density and C-GTT is also shown. The initial effect of solvent is to lower the C-GTT relative to its value in vacuum ͑2.5͒ by the screening mechanism mentioned earlier. Note that an elegantly simple response is observed; the C-GTT is depressed nearly linearly as the solvent density is increased. The C-GTT line is not expected to be related linearly to pressure since the screening effect depends directly upon solvent density. The pressure behavior is qualitatively different; it shows a maximum at P*Ϸ0.36 for *Ϸ0.32 that corresponds to T*Ϸ1.53. This seemingly complicated behavior is now discussed.
In order to predict phase behavior from the C-GTT data, an equation of state is needed for the polymer solution. For an extremely dilute solution, the equation of state is essentially that of the pure solvent. Figure 7 shows the C-GTT behavior in the temperature-density plane and various isobars ͑dashed lines͒ for the pure monomeric L-J solvent obtained with the Johnson equation of state. 31 Note that the solvent isobars below P*ϭ0.36 cross the C-GTT curve at two points, which indicates the existence of a LCST at low temperatures and an UCST at higher temperatures, forming a closed immiscibility loop in the phase diagram as discussed above. This closed loop behavior is illuminated by the ͗R 2 ͘ values in Fig. 4 where, starting at low temperature, the chain is highly expanded. As temperature is increased ͗R 2 ͘ de- creases, reaching a minimum at a temperature a little above the LCSTs predicted by Fig. 7 . In this region, a small increase in temperature produces a large reduction in density and thus causes chain contraction. However, as temperature is increased further, the chain expands again as the interaction between chain segments becomes weaker relative to kT. Note also in Fig. 7 that as pressure increases, the isobar moves away from the C-GTT line, and at sufficiently high pressures no collapse transition is observed. Note that the 0.36 isobar is tangent to the C-GTT curve; it sets the maximum pressure where the closed immiscibility loop is observed, i.e., at P*Ͼ0.36 the system exists as one single homogeneous phase. Note also that P*ϭ0.36 corresponds to the maximum in C-GTP observed in Fig. 6 . Note that Fig. 4 is in agreement with the above observation: at higher pressures chain collapse is less severe, i.e., at P*Ͼ0.36 the chain dimensions vary much less with temperature than at lower pressures.
In Fig. 8 the behavior of the C-GT pressure ͑C-GTP͒ is shown along with several pure solvent isotherms. From this figure a number of isotherms in the range of 1.1ϽT*Ͻ2.5 intersect the C-GTP curve analogous to the behavior in Fig.  7 . These intersections define the LCST and UCST branches. Intersection points in the range of 1.1рT*Ͻ1.53 ͑low temperature͒ define the LCST branch, while those where 1.53 ϽT*Ͻ2.5 define the UCST branch ͑high temperature, low density͒. The T*ϭ2.5 solvent isotherm is tangent to the C-GTP curve; it defines the maximum UCST for the system, i.e., at T*Ͼ2.5 the system coexists as one single homogeneous phase for any pressure ͑see Fig. 6͒ .
With the aid of Figs. 7 and 8 a pressure-temperature representation of the C-GT may be constructed as shown in Fig. 9 . Note that the maximum ͑T*ϭ1.53, P*ϭ0.36͒ denotes the vanishing point of the closed immiscibility loop. A similar P -T diagram was discussed previously in a number of studies of polymers in supercritical fluid mixtures. 13, 16 However, the P -T behavior shown in Fig. 9 is unique in the sense that the usual UCST branch ͑UCST below the LCST͒ is not present. Note that this usual UCST critical line has been erased from the phase diagram due to the symmetric nature of our polymer solution. Figure 7 predicts that for any P*Ͻ0.10 the UCSTs observed at high temperatures ͑intersection of isobar and C-GTT͒ approach that of the C-GTT in vacuum (T*ϭ2.5). Consequently, the highest predicted UCST is about 2.5. On the other hand, Fig. 7 predicts no LCSTs for P*Ͻ0.10, i.e., the intersection of an isobar with the C-GTT curve occurs within the two-phase vapor-liquid curve for the pure solvent   FIG. 7 . Variation of the C-GTT with solvent density ͑solid line͒. Dotted lines are pure solvent isobars. This figure suggests the existence of an UCST above the LCST ͑closed immiscibility loop͒ which will eventually vanish at high enough pressures, since the solvent isobar will lie completely above the C-GTT line and no chain collapse will be observed.
FIG. 8. C-GT pressure ͑C-GTP͒ as a function of solvent density ͑solid line͒. Dotted lines are pure solvent isotherms. Note that the 2.5 isotherm is tangent to the C-GTP indicating the maximum temperature to observe an UCST. Temperatures above 2.5 will lie completely outside the C-GTP and no UCST will be predicted. ͑metastable region͒. Also, as previously noted in Fig. 8 , the T*ϭ2.5 isotherm is tangent to the C-GTP, indicating again that the maximum UCST is about 2.5 ͑see Fig. 9͒ . To corroborate our phase behavior predictions based upon chain collapse, direct phase equilibria calculations using the EG ͑Ref. 28͒ method are now discussed. Figure 10 shows the fluid-fluid phase boundary in the temperature-composition ͑weight fraction͒ plane for chains of size 20 at reduced pressures of 0.15 and 0.2. ͑The reduced critical pressure of the pure monomeric solvent is 0.10.͒ The corresponding reduced critical solution temperatures are estimated to be 1.16Ϯ0.03 and 1.26Ϯ0.03, respectively. Since the reduced critical temperature of the monomeric solvent is 1.08, these phase boundaries are in the supercritical solvent region. For very long chains one would expect the LCST to drop into the subcritical region.
Phase equilibria calculations
Remarkably, the intersection of the solvent equation of state with the C-GTT and C-GTP, defined for the quasi-ideal single chain and observed in Figs. 6-8 , is the signature of the LCST as seen in Fig. 10 for P*ϭ0.15 and 0.20. Table I shows that the predicted LCST from the chain conformation studies and the direct phase behavior simulations are in excellent agreement at P*ϭ0.15 and 0.20. Note that only single chain conformations ͑infinite dilution͒ were used to predict the full P -T behavior of a finite-concentration polymer solution ͑see Fig. 9͒ . The single chain simulations are much simpler and less computationally expensive than direct phase equilibria simulations. Figure 11 shows the LCST phase behavior on a temperature versus density phase diagram. Note that the pure solvent isobars ͑dashed lines͒ are relatively close to the polymer-lean branch of the phase diagram. At any temperature and pressure, the monomeric solvent always has a lower density ͑monomers per unit volume͒ than the pure chain liquid. This is also true in the absence of attractive interactions. At fixed pressure and in the normal liquid range for the solvent, this density difference between pure solvent and pure polymer increases with increasing temperature because the polymer has a smaller thermal expansion coefficient. Adding dense, pure polymer to less-dense, pure solvent yields a solution whose density is intermediate between that of the solvent and polymer. The final solution density is established by opposing thermodynamic forces. A favorable low potential energy is caused by high density, because this increases the strength of favorable chain-solvent attractive interactions, but system entropy is increased by lowering density ͑larger volume͒. Below the LCST, in the single phase region of the phase diagram, energetics wins the battle, and the final density is such that there is a net volume contraction. 7, 47 That is, formation of a homogeneous single phase requires a negative volume change ͑entropically unfavorable͒ with an associated negative heat of mixing ͑energetically favorable͒. Note that the observed increase of the LCST with pressure is consistent with a negative volume of mixing. 7 Overall, the mixing process is favorable, despite the small loss of entropy associated with the volume contraction. However, the volume contraction grows with increasing temperature and the associated entropy loss increases. Finally, the entropic penalty required to form a single phase becomes too severe and the solution splits into two fluid phases; a dense polymer-rich phase and less-dense polymer-depleted phase. The total free energy of the phase separated system is less than that of a single phase system with the same overall composition. ͑The overall volume of the phase separated system will also be larger than that of the single phase system.͒ Most of the polymer will partition into the dense solvent phase to optimize solvent-chain energetic interactions; a much smaller amount of polymer is found in the less-dense solvent phase ͑see Fig. 11͒ . The dense polymer-rich phase can be thought of as the energetically favorable phase, while the less-dense solvent phase is the more entropically favorable phase. The polymer-rich branch of the phase diagram in Figs. 10 and 11 is the high density solvent phase, whereas the polymer-dilute branch is the low density solvent phase.
Nature of the UCST and LCST
It is well-known that an UCST is caused by unfavorable energetics. The system lowers its potential energy by phase separating. For symmetric energetics, there are no unfavorable interactions. ͑⑀ 11 ϭ⑀ 22 ϭ⑀ 12 ⇒classical interaction parameter, ϭ0.͒ But an energetic mechanism that could drive phase separation is still available in a compressible system. At temperatures well above the LCST, the solvent density is very low and the potential energy of the system is very high. The potential energy can be lowered if a 2 phase system forms in which one phase is of higher density than the single phase system. Entropically, the dense phase is not favorable relative to the single phase system, but energetically it is favorable because attractive interactions are enhanced. The total system potential energy can be lowered by phase splitting under these conditions of very low solvent density. That is, the phase separation would be energetically driven, consistent with the observation of an UCST. A hint of the possibility of a closed immiscibility loop in the phase diagram is also seen in Fig. 11 at the highest temperature (T*ϭ1.5). Indeed, the research group at the University of Wisconsin has already corroborated the existence of the closed immiscibility loop and it will be subject of a forthcoming paper. 33 Phase instability near the vapor-liquid critical point of the solvent is more transparent from the isothermal stability condition,
Ͼ0, ͑4͒
where g and a are the intensive Gibbs and Helmholtz free energies ͑per monomer of solution͒, ␤ is the isothermal compressibility of the solution, is the solution monomer density ͑monomers per unit volume͒, and is the occupied volume fraction of either component. The ''incompressible contribution,'' ‫ץ(‬ 2 a/‫ץ‬ 2 ) , is dominated by the classical entropy of mixing and is expected to be positive for the symmetrical energetics employed in this study. ͑A solution is in general more random than its pure components; therefore, the classical entropy of mixing is inherently positive.͒ The second term, the ''compressible contribution,'' is scaled by the solution compressibility and always contributes unfavorably to phase stability. If the solution is primarily solvent, the compressibility becomes very large as the solvent liquid-vapor critical point is approached; the solution becomes unstable and splits into two fluid phases. The pressure derivative, ‫ץ(‬ P/‫)ץ‬ , is given approximately by
where the subscripts 1 and 2 on P refer to solvent and polymer, respectively. These 2 pressures, P 1 and P 2 , are the hypothetical pressures of the pure solvent and pure polymer at the same temperature and monomer density as the solution. Negative pressures for the polymer are usually required, since 1 ϽϽ 2 at the system pressure P; 1 is the pure solvent monomer density and 2 is the pure polymer monomer density at the system pressure P. The PVT properties of the two pure components affect solution thermodynamics primarily through this term, ‫ץ(‬ P/‫)ץ‬ . Thus, it is clear that finite compressibility and equation of state differences between components play an important role in solution phase behavior.
The simulation results for polymer conformation and phase equilibria provide insight into experimental studies of polymer-SCF LCST phase behavior 14, 16 and of flocculation of emulsions and latexes stabilized by block-copolymers in SCFs. For example, O'Neill et al. 21 determined the density at the onset of phase separation for a dilute poly͑1,1-dihydroperfluorooctyl acrylate͒ ͑PFOA͒ solution in compressed CO 2 . For a reduced temperature, T r ϭT/T c of 1.05, the reduced theta-density, c , was 1.7. The cohesive energy density of this polymer is extremely low as indicated by its very low surface tension of 10 dyn/cm. Consequently, its cohesive energy density is closer to that of CO 2 than that of nearly all other polymers. From an energetic point of view, this system is relatively symmetric, and thus it is reasonable to compare it with the simulations in this study. At this same T r ϭ1.05, the experimental LCST occurs at a similar reduced density as the C-GTT ͑from Fig. 7͒ , in close agreement with experiment ͑see Table II͒. Polymer chain collapse plays an important role in the flocculation of emulsions and latexes stabilized by blockcopolymers. Lattice-fluid self-consistent field ͑LFSCF͒ theory has been used to describe the interaction between two surfaces containing grafted or adsorbed polymeric stabilizers. 48, 49 As the solvent density is lowered, solvent molecules leave the polymer chains to raise the volume and entropy of the system. The polymer chains collapse toward the surface. This separation of polymer and solvent is analogous to LCST phase separation in bulk. Recently, O'Neill et al. 21 and Yates et al. 22 used turbidimetry and dynamic light scattering to measure critical flocculation densities ͑CFD͒ for emulsions stabilized with polystyreneb-poly͑FOA͒. The experimental value of the critical flocculation density was closely related to the theta density for the PFOA block ͑Table II͒. In conclusion, the CFD from experiment and LFSCF theory and the C-GTT and LCST from our simulations all occur at about the same density. Thus chain collapse plays a central role in polymer solvent phase separation and in the stability of colloidal interactions.
V. CONCLUSIONS
The chain conformation calculations presented in this study give insight into the rich density-dependent behavior of homopolymers in compressible solvents. At high solvent densities, the chain adopts coil-like conformations that approach the athermal or infinite temperature limit. As the solvent density is reduced isothermally, the loss in solvent quality causes chain collapse. This result is opposite to that observed in athermal systems without attractive interactions, where an isolated chain is expanded at low solvent density and gradually collapses as density is increased ͑solvent-chain excluded volume effect͒. Attractive interactions seem to dominate any excluded volume effects and completely change the density dependence of chain conformation.
In vacuum, the dimensions of an isolated chain are determined by two opposing forces, attractive energetics and entropy. Upon cooling, a coil-to-globule transition occurs at a unique temperature ͑C-GTT͒ where attractive and selfexcluded volume forces are balanced. The C-GTT, defined at the point where Nϭ͗R 2 ͘/6͗R g 2 ͘ϭ1, was determined for a wide range of solvent densities in the gas, supercritical fluid, and liquid states. This is strictly an operational definition of the transition temperature and does not correspond to the usual definition of the theta temperature. However, as N→ϱ we expect both definitions to coincide. When solvent molecules are present in the system, the C-GTT is depressed relative to its value in vacuum in a surprisingly simple nearlinear fashion. The primary effect of solvent is to mediate the intrachain attractive forces. In other words, the presence of the solvent near the chain impedes collapse by excluding close intrachain contacts ͑a solvent excluded volume effect͒. The denser the solvent, the more effective it is in screening attractive intrachain forces.
The most important result is the relationship between the single chain conformation and the phase boundary of a finite-concentration polymer solution. For a given pressure, the LCST from direct simulation of mixtures is very close to the C-GTT for a single chain. The balance of binary excluded volume and attractive interactions for a single quasiideal chain at the C-GTT signals the onset of phase transition in a polymer solution near the LCST. At temperatures below the LCST, the chains exist in expanded coillike conformations at all solution compositions. Just above the LCST and in the two phase region, chains are still expanded on the polymer-rich branch ͑or the high-density branch͒ of the phase diagram, but the chains are partially collapsed on the dilute-polymer ͑or low-density͒ branch of the phase diagram. At temperatures well above the LCST, the chains begin to expand again. This suggests the existence of a closed immiscibility loop with an UCST at very high temperatures above the LCST, as has been demonstrated with direct simulations of phase separation with a novel expanded Gibbs ensemble ͑EG͒ method. 33 The simulation results for both polymer conformation and phase equilibria provide insight into experimental studies of polymer-supercritical fluid LCST phase behavior and critical flocculation density ͑CFD͒ of emulsions and latexes stabilized by block-copolymers. For a symmetric polymer-solvent system, the CFD and LCST from experiment 21, 22 and theory 49 occur at about the same reduced density as the LCST and C-GTT from these simulations. 
